To characterize tissues in atherosclerotic plaques, we have developed a method, the phased tracking method, for measuring the strain (change in wall thickness) and elasticity of the arterial wall. However, some types of tissue, such as lipids and blood clots, cannot be discriminated from each other based only on elasticity because of the small difference in their elasticity. For more precise tissue characterization, we are attempting to measure the regional viscoelasticity. To determine viscoelastic properties, elastic moduli at multiple frequencies were obtained by generating the change in internal pressure due to remote cyclic actuation. From basic experiments using a silicone rubber tube, it was found that the change in internal pressure at the ultrasonic beam position (for measurement of the elastic modulus) can be generated by remotely applied actuation. Furthermore, from the resultant minute changes in wall thickness of less than 10 mm measured by the phased tracking method, elastic moduli were obtained at multiple actuation frequencies.
Introduction
The steady increase in the number of patients with myocardial infarction or cerebral infarction, both of which are considered to be mainly caused by atherosclerosis, is becoming a serious problem. Therefore, it is important to diagnose atherosclerosis in the early stage. Computed tomography (CT) and magnetic resonance imaging (MRI) are employed for the diagnosis of atherosclerosis. Although these methods entail subjecting the patients to physical and mental hardship, they provide information only on the shape of the artery, such as the diameter of the lumen. However, the diameter of the lumen does not change by early-stage atherosclerosis. 1) Since there are significant differences between the elastic moduli of the normal arterial wall and that affected by atherosclerosis, 2, 3) evaluation of the elasticity of the arterial wall is useful in the diagnosis of early-stage atherosclerosis. 4) In addition to the diagnosis of early-stage atherosclerosis, it is also important to diagnose the vulnerability of the atherosclerotic plaque because its rupture may cause acute myocardial infarction and cerebral infarction. [5] [6] [7] The evaluation of mechanical properties, such as atherosclerotic plaque elasticity, is useful for these purposes.
To obtain the circumferential distensibility of the arterial wall in the plane perpendicular to the axial direction of the artery, measurement methods for the change in artery diameter have been proposed. [8] [9] [10] [11] [12] By assuming the artery to be a cylindrical shell, the average elasticity of the entire circumference in the plane has been evaluated. [13] [14] [15] However, the regional elasticity of the atherosclerotic plaque cannot be obtained by these methods because an artery with an atherosclerotic plaque cannot be assumed to be a cylindrical shell with uniform wall thickness.
To characterize tissues in the atherosclerotic plaque, a measurement method for the regional elastic modulus of the arterial wall in patients with or without an atherosclerotic plaque is needed. Such a measurement technique for the spatial distribution of the regional elasticity would be useful in the diagnosis of the vulnerability of an atherosclerotic plaque as well as for the diagnosis of early-stage atherosclerosis. For this purpose, we have developed a method, the phased tracking method, for measurement of the small change in arterial wall thickness (less than 100 mm) due to the heartbeat. [16] [17] [18] [19] [20] [21] [22] [23] [24] From basic experiments, the accuracy in measurement of the change in thickness has been found to be less than 1 mm using the phased tracking method. 17, 20, 21) From the change in thickness measured by our method, the regional strain and the elasticity of the arterial wall can be noninvasively evaluated. 23) From the measured elastic property, it should be possible to discriminate tissues in the atherosclerotic plaque, such as fibrous tissue, lipids, and calcified tissue, from each other due to large differences in their elasticity. However, it is difficult to discriminate some tissues such as lipids and blood clots because of the small difference in their elasticity. 25) Another mechanical property of tissue which has the potential of providing useful information on discrimination of tissues is viscosity.
In the above-mentioned methods, including our method, the elastic modulus at about 1 Hz due to the heartbeat is obtained. However, it is difficult to determine viscoelastic property by measurement of the elastic modulus at only one frequency. To do so, elastic moduli at multiple frequencies should be obtained from the changes in wall thickness at multiple frequencies, which are generated by the change in internal pressure due to remote cyclic actuation.
In this study, basic experiments using a silicone rubber tube were conducted to investigate the change in internal pressure at the position where the change in wall thickness is measured using ultrasound. Such a change in internal pressure can be generated by remotely applied actuation. The resultant minute change in wall thickness was measured by the phased tracking method. Moreover, by sweeping the actuation frequency, the elastic moduli of the tube were measured at several actuation frequencies. Such frequency characteristics of the elastic modulus have potential for the assessment of viscoelastic properties.
Principles
2.1 Measurement of change in wall thickness by phased tracking method As illustrated in Fig. 1 , for measurement of the small change in wall thickness, the phase shift of the echo, which is caused by displacement of an object, is estimated from two consecutive echoes. 16) For this purpose, quadrature demodulation is applied to the received ultrasonic waves reflected by the object, and then the in-phase and the quadrature signals are A/D-converted. From the demodulated signal, zðt; d þ xðtÞÞ, reflected at a depth d þ xðtÞ at time t, where d and xðtÞ are the initial depth set at t ¼ 0 and the displacement of the object in the depth direction, the phase shift, ÁðtÞ, between two consecutive echoes is obtained from the complex cross correlation function calculated for M þ 1 samples in the depth direction as From the displacements, x A ðtÞ and x B ðtÞ, of two points, which are set in the arterial wall along an ultrasonic beam, the small change in thickness, ÁhðtÞ, between these two points is obtained as 
Elastic modulus obtained by measured change in wall
thickness From the measured change in wall thickness, the circumferential elastic modulus is obtained as follows: 23) Under in vivo conditions, the artery is strongly restricted in the axial direction. Therefore, a two-dimensional stressstrain relationship can be assumed.
Under such conditions, the radial incremental strain, Á" r ðtÞ, which is defined by dividing the change in thickness, ÁhðtÞ, by the thickness of the wall, h 0 , at the end diastole, is expressed by the radial and circumferential incremental stresses, Á r ðtÞ and Á ðtÞ, as
ð2:5Þ
where E r , E , and are the radial and circumferential elastic moduli and Poisson's ratio, respectively. From the change in internal pressure, ÁpðtÞ, the circumferential and the radial incremental stresses, Á r ðtÞ and Á ðtÞ, are expressed as 
where r 0 is the inner radius at the end diastole. When we describe the changes in wall thickness, ÁhðtÞ, and internal pressure, ÁpðtÞ, as complex sinusoidal functions, Áh 0 Á e jð2f ac tÀÞ and Áp 0 Á e j2f ac t , at an actuation frequency, f ac , eq. (2:9) can be rewritten as the complex elastic modulus as
where Áh 0 and Áp 0 are the amplitude of the change in wall thickness and that of the change in internal pressure, respectively, and is the phase difference between changes in internal pressure, ÁpðtÞ, and wall thickness, ÁhðtÞ.
In this paper, the absolute value, jE h j, of the complex elastic modulus defined by eq. (2:10) is obtained from Áh 0 and Áp 0 , which are measured at each actuation frequency, f ac .
Experimental Setup

Experimental system for basic experiments
The experimental system for basic experiments using a silicone rubber tube is illustrated in Fig. 2 . In this system, the change in pressure inside the silicone rubber tube is generated by compressing a rubber balloon, which is placed 40 cm away from the ultrasonic probe, with an actuator. This system simulates measurement of the change in wall thickness of the carotid artery due to the remote actuation applied at the brachial artery. The change in wall thickness due to the resulting change in internal pressure is measured using ultrasound, and the internal pressure is also measured using a pressure transducer (NEC 9E02-P16) placed inside the tube. From the measured changes in wall thickness and internal pressure, elastic modulus can be obtained using eq. (2:10).
Measurement system
An ultrasonic pulse (center frequency: 7.5 MHz) was transmitted and received by the ultrasonic probe of standard ultrasonic diagnostic equipment (TOSHIBA SSH-140A). The received signal was amplified and demodulated. The resultant in-phase and quadrature signals were simultaneously A/D-converted with a 12-bit A/D converter at a sampling frequency of 10 MHz. The measured digital signals were inputted into a computer, and the change in wall thickness was obtained by applying the phased tracking method, described in §2.1, to these digital signals.
Experimental system for pressure diameter test
In order to validate the elastic modulus, jE h j, measured by the phased tracking method, the elastic modulus of the tube was also evaluated by testing the relationship between internal pressure and external diameter. The measurement system is illustrated in Fig. 3 . In this experiment, the relationship between internal pressure and external diameter was tested by generating the change in the internal pressure by compressing a rubber balloon using an actuator. The internal pressure and the external diameter were measured using a pressure transducer (NEC 9E02-P16) and a laser line gauge (KEYENCE VG-035). From the obtained relationship, the elastic modulus in the circumferential direction was evaluated based on the incremental elastic modulus, E inc , defined as 13, 26) E where r e and r 0 are the external and inner radii at the end diastole, respectively, and Ár e ðtÞ is the change in external radius from r e . As in eq. (2:10), eq. where Ár e0 is the amplitude of the change in external diameter. Figure 4 shows the B-mode image of a silicone rubber tube. By setting the ultrasonic beam position as shown in Fig. 4 , the M-mode image was obtained as shown in Fig.  5(a) . Figure 5(b) shows the measured internal pressure. From  Fig. 5(b) , it is found that the change in internal pressure at the measurement position can be generated by remotely applied actuation. By setting two points, A and B, along the ultrasonic beam at t ¼ 0 in the M-mode image, the velocities, v A ðtÞ and v B ðtÞ, of these points were obtained by the phased tracking method, as shown in Figs. 5(c) and 5(d), respectively. The change in thickness, ÁhðtÞ, of the anterior wall was obtained by integrating the difference between these two velocities. In Fig. 5(e) , a minute change in thickness of less than 10 mm was measured at an actuation frequency of 7.5 Hz. Furthermore, the change in internal pressure, ÁpðtÞ, at other frequencies can be generated by changing the actuation frequency, f ac . In this study, changes in wall thickness, ÁhðtÞ, and internal pressure, ÁpðtÞ, were measured at multiple frequencies from 7.5 Hz to 20 Hz as shown in Fig. 6 . To obtain the amplitude of the change in wall thickness, Áh 0 , and that of the change in internal pressure, Áp 0 , at the actuation frequency, f ac , the Fourier transform was applied to those waveforms. Figures 7(a) and  7(b) show the amplitude of the change in internal pressure, Áp 0 , and that of the change in wall thickness, Áh 0 , respectively. The relationship between Áh 0 and Áp 0 are shown in Fig. 7(c) . If the wall is purely elastic, the relationship between Áp 0 and Áh 0 always falls on the same linear line which passes through the original point. However, in Fig. 7(c) , not all of the measured relationships between Áp 0 and Áh 0 fall on the same linear line. Therefore, it is found that the wall is not purely elastic.
Basic Experiments Using a Silicone Rubber Tube
The frequency characteristic measured using ultrasound shown in Fig. 7(c) was validated by measurement using the laser line gauge as described in §3.3. Figure 8 shows changes in internal pressure, ÁpðtÞ, and external diameter, 2Ár e ðtÞ, at each actuation frequency, f ac , from 7.5 Hz to 20 Hz. As in Fig. 7 , Figs. 9(a) and 9(b) show the amplitude of the change in internal pressure, Áp 0 , and that of the change in external diameter, 2Ár e0 , respectively. In Fig.  9(c) , not all of the measured relationships between Áp 0 and 2Ár e0 fall on the same linear line, as in the ultrasonic measurement. From the amplitude of the change in internal pressure, Áp 0 , and that of the change in wall thickness, Áh 0 , as shown in Fig. 7 , the elastic modulus, jE h j, was obtained using eq. (2:10) at each actuation frequency, f ac . The incremental elastic modulus, jE inc j, was also obtained from the amplitude of the change in internal pressure, Áp 0 , and that of the change in external diameter, 2Ár e0 shown in Fig. 9 .
In Fig. 10 , the elastic moduli, jE h j, measured by the ultrasonic phased tracking method are shown by diamonds, which are plotted as a function of actuation frequency, f ac . The elastic modulus, jE h j, was measured three times at each actuation frequency with high reproducibility. In Fig. 10 , it can be seen that the elastic modulus, jE h j, increases with actuation frequency, f ac . In Fig. 10 , the elastic moduli, jE inc j, measured using the laser line gauge are shown by squares, which are superimposed on results of the ultrasonic measurement shown by diamonds. As in the ultrasonic measurement, the elastic modulus, jE inc j, is measured three times at each actuation frequency, f ac . In Fig. 10 , the elastic moduli measured using the laser line gauge have a tendency similar to those measured by ultrasound. From these results, it is found that the change in elastic modulus due to the increase in actuation frequency, f ac , can be measured accurately using the ultrasonic phased tracking method. 
Discussion
In Fig. 10 , the elastic modulus, jE h j, is observed to increase with actuation frequency, f ac . The reason for this is as follows: When we assume the Voigt model, which is illustrated in Fig. 11 , as a viscoelastic model of the silicone rubber, the relationship between stress, ÁðtÞ, and strain, Á"ðtÞ, is expressed as
where E s and are the static elastic modulus and the viscosity constant, respectively, and E s and are assumed not to be dependent on the actuation frequency, f ac . In eq. where Á 0 and Á" 0 are the amplitude of the stress and that of the strain, respectively. From eq. (5:2), the complex elastic modulus, E Voigt ¼ ÁðtÞ=Á"ðtÞ, is expressed as In eq. (5:3), it is found that the absolute value of the complex elastic modulus of the Voigt model increases with the frequency of the applied stress, and such frequency characteristics can be observed in the elastic modulus measured using ultrasound, as shown by diamonds in Fig. 10 .
From these results, it is found that the measurement of elastic moduli, jE h j, at multiple frequencies is useful in the assessment of viscoelastic property. To determine the frequency characteristic of elastic modulus, jE h j, it is necessary to induce changes in internal pressure at multiple frequencies. This study yielded significant results demonstrating that changes in internal pressure at multiple frequencies can be induced by remotely applied actuation and that the resultant minute change in wall thickness can be measured by our phased tracking method.
Let us consider the application of the proposed method to actual in vivo measurements. Under in vivo conditions, the deformation of the arterial wall caused by remote actuation will be influenced by tissues surrounding the artery. When the proposed method is applied to the artery deep inside the body, the influence of the surrounding tissues will be significant. Therefore, we intend to apply the proposed method to a superficial artery, i.e. the carotid artery. Since the carotid artery is mainly surrounded by a thin subcutaneous layer of fats and muscles, the influence of the surrounding tissues is supposed to be not significant because the artery is covered and restricted by the adventitia (mainly composed of collagen fiber) which is harder than the surrounding tissues. Furthermore, using the method previously proposed by our group, 23, 25) the elastic modulus of a femoral artery was measured in an in vivo experiment before surgery and an in vitro experiment using a water tank and an artificial heart after the surgical extraction. The difference between the average elastic modulus before and that after extraction was about 8% (0:96 AE 0:48 MPa: before extraction, 0:89 AE 0:31 MPa: after extraction). Thus, the influence of the surrounding tissues can be neglected in the cases of superficial arteries.
In actual in vivo measurement at the carotid artery, one way of generating a cyclic change in blood pressure is to apply actuation on the skin surface above the brachial artery and measure the change in wall thickness due to remote actuation at the carotid artery.
To realize the proposed method in the in vivo measurement, a method of measuring the change in blood pressure caused by remote actuation must be established. It is reported that the waveform of the change in artery diameter almost corresponds to that of the change in blood pressure due to the heartbeat. 27 ) Therefore, the change in blood pressure is supposed to be estimated using the waveform of the change in artery diameter with blood pressure by calibration using the systolic and diastolic pressures. However, if the same changes in blood pressure are caused by remote actuation at different frequencies, changes in artery diameter will be different due to the viscoelasticity of the arterial wall. Thus, it is difficult to calibrate the change in diameter. An alternative way of measuring blood pressure is to use applanation tonometry, 28) which measures the continuous waveform of blood pressure by applanation of the radial artery using a pressure detector for measuring the stress caused by the change in blood pressure.
Since the stress-strain relationship of the arterial wall is nonlinear, the elastic property of the arterial wall changes during one cardiac cycle due to the change in blood pressure caused by the heartbeat. Therefore, in in vivo measurement, the amplitude of the change in wall thickness and that of the change in blood pressure must be estimated during each short period by applying short-time Fourier transform. However, it is difficult to measure elastic modulus at different frequencies during one cardiac cycle because the actuation frequency cannot be changed during such a short period. This problem can be overcome by changing actuation frequency per heartbeat. By referring to the electrocardiogram, elastic modulus at different frequencies can be measured at the same time (= similar blood pressure) during the cardiac cycle.
As mentioned above, although there are many things to consider in order to realize the proposed method in an actual in vivo measurement, the most important problem to overcome is the measurement of the change in blood pressure due to remote actuation. Further investigation is necessary to measure blood pressure under in vivo conditions.
Conclusions
In this study, basic experiments were performed to assess the viscoelastic properties of the arterial wall. If the wall is viscoelastic, elastic modulus changes with the frequency of the applied stress. To investigate the frequency characteristic of elastic modulus, it is necessary to generate changes in internal pressure at multiple frequencies. In this study, the results of basic experiments using a silicone rubber tube demonstrated that changes in internal pressure at multiple frequencies can be generated by remotely applied actuation. By measuring the resultant minute change in wall thickness by our phased tracking method, the frequency characteristic of elastic modulus is obtained. These results suggest that remote actuation has potential for application to the assessment of viscoelastic properties due to its ability to change the frequency of the stress.
